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Chapter 1 General Introduction 
 
1.1 Stripping analysis 
Stripping analysis has been recognized as a powerful and significantly useful method 
for quantitation of trace and ultra-trace species in environmental, industrial and clinical 
samples [1, 2]. The two steps usually are involved at which target species are 
electrochemically concentrated on the working electrode and then the deposited species is 
oxidized or reduced back into the solution. In the analysis of highly diluted samples, it is 
necessary to isolate the target analyte from the complex matrices or large amounts of 
electro-active components. In addition to isolation of the analyte, this technique may serve 
to enhance sensitivity and reliability of analytical results on occasion of the real sample 
analyses. Due to electrolytic pre-concentration, thus, the detection limit of target metal ions 
often attain to extremely low concentration levels 10-10 or 10 -12 by differential pulse anodic 
or cathodic stripping voltammetry [3,4]. It is well known that stripping analysis enables 
multi-element determination and speciation of analytes at different valencies in natural 
water samples. Further improvements in sensitivity and selectivity of analysis are required 
to get more reliability and accuracy of analysis. The combination of stripping analysis with 
liquid-liquid extraction may be an idea to resolve difficulties and troubles accompanied by 
determining some kinds of metal ions. We should point out that the ultimate goal of this 
study is to create the specificity of determination of target species in actual samples. Based 
on pre-concentration and stipping modes, this technique is classified into anodic, cathodic 
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and adsorptive stipping voltammetries [5].  
 
1.2 Anodic stripping analysis 
Anodic stripping voltammetry (ASV) is the most widely used mode of stripping 
analysis. The first step (called as the pre-concentration step) is the reduction of metal ions 
to the metal by maintaining the working electrode at a potential for a set period of time. 
The deposition time required is dependent on the metal concentration of the sample 
solution. Several minutes are sufficient to get a peak response on a stripping 
voltammogram (current-potential curve, I-t curve). Test solution is usually stirred during 
electrolysis: 
Men+   +  Hg  +   ne   ⇢  M (Hg) 
Rest time is set for several seconds until the solution stirring is stopped. The subsequent 
stripping step is carried out under quiescent conditions. At this final stage, the re-oxidation 
of the metal is performed by scanning the potential to positive directions. When mercury 
–based working electrodes are used, the amalgamated metals are stripped out of the 
electrode into the aqueous solution again: 
  M (Hg)  ⇢  Men+   +  Hg  +   ne 
The metal concentration in the mercury electrode is given by Faraday’s law. The anodic 
scan of the working electrode leads to re-oxidation of the metal from the mercury film. The 
peak current obtained with differential pulse stripping voltammetry is directly proportional 
to the original concentration of target metal ion in aqueous media. Depending on the 
standard redox potential, the peaks due to metal dissolutions are observed on the 
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voltammogram. The resolution between neighboring stripping peaks is a key to 
simultaneously determine multi-elements of interest in aqueous medium. A 
room-temperature ionic liquid is used for extraction of lead and cadmium ions as the iodide 
complexes, followed by ASV measurements in this investigation. 
 
1.3 Potentiometric stripping analysis 
   Potentiometric stripping analysis (PSA) firstly developed by Jagner is a unique and 
versatile technique for determining metal ions in aqueous solution [6,7]. The 
pre-concentration step is performed by electrolytic deposition of target metal ions, just like 
ASV: the metal ions are reduced onto the mercury electrode to form amalgams. The 
stripping step is made by re-oxidizing the metals with oxygen, mercuric ion and other sorts 
of oxidants. Another method for stripping the metals is to apply a constant anodic current 
through the working electrode. During the course of stripping process, the potential of the 
working electrode is recorded as a function of time to transform the sigmoidal signal into a 
reciprocal derivative potentiogram (dt/dE vs. E) by using a personal computer. The 
peak-shape response appears at the standard redox potential of the amalgamated metal, and 
is directly proportional to the original concentration of the aqueous sample solution. The 
potentiometric curve obtained by constant current PSA is very similar to those of ASV 
technique. The inherent advantage of PSA is extremely free from interference from 
coexisting ions at larger amounts relative to target analyte. The rapidness and simplicity of 
operation are also merits characterized by PSA. As a part of PhD study, a constant current 
PSA is attempted to determine lead(II) in river and soil samples by combining with 
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propylene carbonate extraction. 
 
1.4 Electrodes for stripping analysis 
   Several kinds of working electrodes have been used for stripping analysis in the past years. 
The most widely used electrode is mercury-based ones such as hanging mercury drop 
electrode (HMDE) [8] and mercury film electrode (MFE). The MFE can be performed on 
glassy carbon substrate by either pre-plating or in-situ plating of mercuric ion (formed after 
addition of mercuric ion to the analyte solution) [4]. The MEF produced by in-situ plating 
method offers higher sensitivity and resolution of neighboring peaks on the stripping curve. 
Due to high toxicity of mercury, such relatively toxic-less or environmentally friendly metals 
gained a great concern for electro-analytical chemists [9]. The in-situ plating technique also 
has been taken over other kinds of metal films such as gold, bismuth [10], antimony [11], lead 
[12] and so on, for the determination of trace metals in aqueous solution. Since 2000, a 
number of papers have been published regarding use of bismuth-film electrode on carbon 
substrates. In our laboratory, semi-metals such as arsenic, antimony, selenium and tellurium 
can be determined by ASV using in-situ plated bismuth film electrode. In this study, selenium 
is chosen as an in-situ film or modified electrode for the determination of copper(II) in 
aqueous samples [13]. Since selenium(IV) itself has a little toxic for human health and for the 
environment, we should recommend to recover it in a reservoir bottle after use of experiments. 
In addition, bare disk electrodes (gold, silver, iridium and carbon), their fiber microelectrodes, 
mercury-coated microelectrode and nano-particle carbon electrode have been developed for 
ASV and PSA until now. Similarly with selenium, tellurium and its modified carbon electrode 
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encourage us to continue our studies on metal-modified electrodes for trace measurements of 
target analytes recently. It is expected that many electroanalytical chemists hold great concerns 
with metal-film modified electrodes to be developed in the coming future.. 
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Chapter 2 
 
1-Butyl-3-methylimidazolium Hexafluorophosphate 
Ionic Liquid as a New Solvent for the Determination 
of Lead(II) and Cadmium(II) by Anodic Stripping 
Voltammetry after Extraction of the Iodide 
Complexes 
 
 
Abstract 
The use of 1-butyl-3-methylimidazolim hexafluorophosphate (BMIMPF6) as a solvent for 
the anodic stripping analysis of Pb(II) and Cd(II) after extraction of the iodide complexes 
has been investigated. This method is based on the extraction of the metal iodide 
complexes into BMIMPF6 followed by differential-pulse anodic stripping voltammetry 
with an in-situ plated bismuth film electrode onto an edge-plane type of pyrolytic graphite 
substrate. When 0.20 mol L-1 tetra-n-propylammonium iodide was used as an extractant 
and a supporting electrolyte, the reduced lead and cadmium produced well-defined anodic 
peaks at -414 and -736 mV vs. Ag/AgCl, respectively. The peak currents for Pb(II) and 
Cd(II) were directly proportional to the initial metal concentration in the ranges of 0.01 ~ 
0.50 μg mL-1 and 0.05 ~ 1.0 μg mL-1 under the optimized conditions. A detection limit (S/N 
= 3) of 0.001 μg mL-1 Pb (II) was obtained with a volume ratio (Vaq/VBMIP) of 5.0 and at 
300 s deposition time. The relative standard deviation was 3.2 % on replicate runs (n = 10) 
for the determinations of 0.20 μg mL-1 Pb(II)  
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2.1 Introduction 
 
Numerous stripping voltammetric techniques have been reported for determination of 
traces metals and biologically important constituents in environmental and biological 
samples.1,2 These methods, in most cases, are very sensitive and satisfactory enough to 
achieve the determination of target species at trace levels in a variety of samples when 
mercury–based electrodes such as the film and hanging drop electrodes are used.3-7 
Because mercury is very toxic in living organisms and a hazardous pollutant, the metal 
electrodes should be replaced by such anodically stable metals as Au-,8-10 Pt-,11 and 
carbon-based electrode.12-13 Recently, the environmentally friendly bismuth-film electrode 
has attracted increasing attention in anodic stripping analysis of Pb, Cd, Zn, Tl, Sn, As, Se 
and adsorptive stripping analysis of Ni, Co, U. 14-24 On the other hand, voltammetric 
analysis in non-aqueous media has been carried out after liquid-liquid extractions with a 
range of organic solvents to overcome difficulties in selectivity that were often caused in 
aqueous media. We previously developed several voltammetric methods combined with 
liquid-liquid extractions with non-aqueous solvents such as acetonitrile, propylene 
carbonate, dichloromethane, etc. 25-28 In the future, the use of volatile and water-soluble 
organic solvents as well as toxic metal electrodes may seriously become restricted and 
therefore should be avoided from the standpoints of environmental protection and human 
health. 
    Room-temperature ionic liquids have been recognized to be noble and new solvents, 
and intensively been studied in research fields of electroanalytical applications as well as 
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separation sciences such as solvent extraction, chromatography, etc.29-35 This is due to their 
unique physicochemical properties such as negligible vapor pressure, high ionic 
conductivity, and fairly good solubilities of organic and inorganic compounds. More 
recently, Jia et. al have studied the use of 1-butyl-3-methylimidazolium 
hexafluorophosphate (BMIMPF6) in solid matrices of the bismuth film electrodes.36 In this 
study, we confined much attention to developments of analytical applications of 
room-temperature ionic liquids as the solvents for both stripping voltammetry and solvent 
extraction. Among ionic liquids commonly used, 1-butyl-3-methylimidazolium-based 
liquids of various counter anions were firstly investigated to extract some metal (e.g. lead 
and cadmium) complexes with iodide and then to make direct voltammetric measurements 
in ionic-liquid (non-aqueous) phases. Relatively high viscosity of room-temperature ionic 
liquids is expected to lower the voltammetric responses of redox reactions on the electrodes, 
due to considerably smaller diffusion coefficients of solutes.37 However, it is thought 
valuable to make an attempt that anodic stripping measurements are feasible in such ionic 
liquids, after the metal iodide complexes are extracted by purging nitrogen through the two 
immiscible liquid phases.  
 In the present paper, 1-butyl-3-methylimidazolium hexafluorophosphate 
(BMIMPF6) was proposed as an ionic liquid (non-aqueous solvent) to extract the Pb(II) 
and Cd(II) iodide complexes by adding tetra-n-propylammonium iodide (TPAI), enabling 
direct measurements of differential-pulse anodic stripping voltammetry (DPASV) for the 
determination of the two metals. Bismuth(III) was also extracted into the BMIMPF6 phase 
followed by formation of an in-situ bismuth-film electrode when the potential was applied 
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to an edge-plane pyrolitic graphite substrate at 1100 mV vs. Ag/AgCl. Bismuth-based 
electrodes have been used as alternatives to mercury-based electrodes due to environmental 
friendliness and very low toxicity. The aim of this study is to investigate as to whether 
BMIMPF6 is usable for liquid-liquid extraction followed by DPASV. Here, it is described 
that the metal iodide complexes were extracted via formation of micro-emulsion of the two 
immiscible liquids by nitrogen purge, allowing anodic stripping voltammetric 
determination of Pb(II) and Cd(II) at μg L-1 concentration levels. 
 
 
2.2 Experimental 
 
2.2.1 Apparatus 
A Cypress System Model CS-1200 Voltammetric Analyzer (Cypress systems, MA, 
USA) was employed for electrochemical measurements of cyclic and differential-pulse 
voltammetry. Unless otherwise stated, the settings for differential-pulse voltammetry were 
as follows: 2 mV step height; 50 mV pulse amplitude; pulse period of time: 20 ms; 10 s rest 
time after deposition. An edge-plane pyrolytic graphite disk (3.0 mm diameter, BAS) as 
working electrode substrate, a platinum wire counter electrode and an Ag/AgCl (sat. KCl) 
reference electrode were used. 
 
2.2.2 Reagents and solutions 
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All solutions were prepared with deionized and distilled water. BMIMPF6 and the 
other reagents used in this study were from Wako Pure Chemical Industries Co Ltd (Tokyo, 
Japan). The Pb(II) and Cd(II) solutions were prepared by diluting the 1000 μg mL-1 metal 
ion standards (for atomic absorption spectrometry) with 0.01 mol L-1 hydrochloric acid. 
The stock Bi (III) solution was prepared by dissolving BiCl3 in 0.5 mol L-1 hydrochloric 
acid. The foreign metal ion solutions were prepared by diluting their metal ion standards 
(1000 μg mL-1) with 0.1 mol L-1 hydrochloric acid. All stock solutions were stored in a 
refrigerator at 2 ℃.  
 
2.2.3 Preparation of the working electrode 
 
Prior to electrochemical measurement, the edge-plane graphite electrode was cleaned 
daily by polishing with aluminum oxide slurry and next with a piece of Nuclepore filter 
paper. The treated electrode was then immersed in 1.0 mol L-1 hydrochloric acid for 1 min, 
and rinsed with water. After voltammetric measurements, the working electrode was treated 
as described above, and reactivated each time by keeping the electrode potential at 800 mV 
for 30 s.  
  
2.2.4 Procedure for differential-pulse voltammetric determination of Pb(II) and 
Cd(II) 
 
10 
The standard procedure for the determination of Pb(II) and Cd(II) by the proposed 
method was set as follows: an aliquot (less than 1.5 mL) of standard Pb(II) and Cd(II) 
solution was placed into a 5.0-mL electrolytic glass cell. Bi(III) standard solution (100 μg 
mL-1), 1.0 mol L-1 sodium acetate buffer (pH 4.5) and 2.0 mol L-1 potassium nitrate were 
successively added to the sample solution. The total volume was finally made up to 2.0 mL 
with water. The equilibrium concentrations except the two metal ions were adjusted to 5.0 
μg L-1 Bi (III), 0.1 mol L-1 acetate buffer (pH 4.5) and 0.5 mol L-1 potassium nitrate. One 
mL of 0.20 mol L-1 TPAI solution in BMIMPF6 was added, and nitrogen was then purged 
into the two liquid phases for 300 s in order to extract the metal iodide complexes into the 
BMIMPF6 phase. The extracted Pb(II) and Cd(II) was initially reduced at a potential of 
-1100 mV for 180 s in a stirred BMIMPF6 phase. After 10 s rest period of time, DPASV 
measurements were performed by scanning the potentials from -1100 to 0 mV to the 
positive direction.  
 
2.3 Results and Discussion 
 
2.3.1 Preliminary investigations for selection of ionic liquid used in this study 
 
Several ionic liquids as solvents were tested for direct DPASV measurements after 
the extraction of the Pb(II) and Cd(II) iodide complexes. Our previous studies revealed 
that the metal iodide complexes can easily be extracted as their ion-association 
compounds with hydrophobic quarternary ammonium cations into relatively polar organic 
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solvents such as chloroform, dichlomethane, propylene carbonate and salted-out 
acetonitrile.25-28 In this study, the ion-pair extraction can be performed with 
1-butyl-3-methylimidazolium hexafluorophosphate and its tetrafluoroborate ionic liquids, 
because they could extract the metal iodide complexes from aqueous solutions by the 
addition of several tetra-n-alkylammonium salts. 1-Butyl-3-methylimidazolium 
tetrafluoroborate, however, was fairly water-miscible (hydrophilic) and therefore is 
considered unsuitable for the DPASV determination of the two metal ions. 
Bis(trifluoromethylsulfonyl)imide salts of the imidazolium and some alkylpyridinium 
cations are water-immiscible and have lower viscocities, but the anodic stripping currents 
for Pb(II) and Cd(II) were about one-fifth those obtained by BMIMPF6. This is probably 
because the hydrophobic anion interfered with the extraction of the Pb(II) and Cd(II) 
complexes into the ionic liquids investigated. BMIMPF6 was therefore selected for use of 
the ionic liquid for the extraction of the metal complexes followed by direct DPASV 
measurements. 
 
2.3.2 Selection of tetra-alkylammonium salt as an extractant 
 
 Tetra-n-alkylammonium (from C2 to C6) iodide salts were tested as both extractants 
of the metal iodide complexes and supporting electrolytes which were dissolved in 
BMIMPF6 before extraction. TPAI gave the highest peak currents of Pb(II) and Cd(II) 
when the standard procedures were conducted. The secondly highest current was obtained 
with tetra-n-butylammonium iodide, which was also found to be usable in this study. The 
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peak potentials shifted to negative values as the chain length of the 
tetra-n-alkylammonium cations increased.  
 
2.3.3 DPASV for Pb(II) and Cd(II) complexes extracted into BMIMPF6 phase  
 
It was found that Pb(II) and Cd(II) could be extracted into the BMIMPF6 phase 
containing 0.20 mol L-1 TPAI and gave well-defined DPASV responses that were suited for 
the determination of the two metals. Figure 1 shows typical DPASV curves obtained for the 
blank test (A); BMIMPF6 phase (0.20 mol L-1 TPAI) after extraction without the target 
metal ions; an aqueous test solution (B): an aqueous sample solution (0.1 mol L-1 sodium 
acetate buffer, pH 4.5) containing 0.5 μg mL-1 each Pb(II) and Cd(II), and 5.0 μg mL-1 
Bi(III) (curve 2); test solution (C): BMIMPF6 phase after the nitrogen-purge through the 
two liquid phases comprising (A) and (B) at the volume ratio of 1:2 (curve 3). It can be 
seen from Fig. 1 curve 3 that well-defined DPASV peaks for Cd(II), Pb(II) and Bi(III) were 
obtained at –736, –414 and –110 mV vs. Ag/AgCl, respectively. The linear relationships 
between Ip and v1/2 in cyclic voltammetry indicate that the anodic stripping peaks were of 
diffusion-controlled nature.  
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Fig. 2.1 DPASV curves obtained for the metal iodide complexes 
 
1: 0.20 mol L-1 TPAI solution in BMIMPF6 after extraction equilibrium with aqueous 
solution containing 0.1 mol L-1 acetate buffer (pH 4.5) and 0.5 mol L-1 potassium nitrate; 2: 
a mixed solution of 0.1 mol L-1 acetate buffer (pH 4.5) and 0.5 mol L-1 potassium nitrate 
containing 0.5 μg mL-1 Pb(II), 0.5 μg mL-1 Cd(II) and 5.0 mL-1 Bi(III); 3: 0.20 mol L-1 TPAI 
solution in BMIMPF6 after extraction equilibrium with the mixed solution containing 1 
and 2 at the volume ratio of 1:2; nitrogen purge time: 300 s; deposition potential: -1100 mV; 
deposition time: 180 s; scan rate: 100 mV s-1. 
 
The peak current for Pb(II) shown in Fig.1 curve 3 was much larger than expected from 
a considerably high viscosity of BMIMPF6 (148-450 mPa, at 278 K), 31 and was 
comparable to that obtained in aqueous sample (Fig. 1 curve 2). Due to the decreased 
extractability, on the other hand, the Cd(II) peak current exhibited about a half compared to 
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that shown in Fig. 1 curve 2, but increased twice when 1.0 mol L-1 potassium nitrate was 
added. The proposed method using BMIMPF6 ionic liquid would improve the apparent 
sensitivity by increasing the volume ratio of Vaq/VBMIMPF6 and the selectivity from some 
interfering ions coexisted. A small anodic peak due to iodine formation appeared at around 
–400 mV, as shown in Fig. 1 curve 1, and showed a slight interference when the Pb(II) 
peak current was estimated at the lower concentrations. It is clear from Fig. 1 curve 2 that 
the distorted anodic peak for Pb(II) was observed in 0.10 mol L-1 sodium acetate buffer (pH 
4.5) when 5.0 μg mL-1 Bi(III) solution was added.  
 
2.3.4 Optimization of experimental parameters 
 
In order to optimize the experimental conditions for the determination of Pb(II) and 
Cd(II), the effect of several parameters such as nitrogen purging time for extraction, TPAI 
concentration, deposition potential, anodic scan rate, Bi(III) concentration was investigated. 
The effect of nitrogen purging time between 30 and 600 s on the stripping peak currents of 
Pb(II) was firstly investigated under the same conditions as those for Fig. 1. The peak 
currents were observed to gradually increase up to 120 s and then to remain the constants 
between 120 and 600 s. A purging time of 180 s was chosen as the most optimum time for 
the extraction of the metal iodide complexes into the BMIMPF6 phase.  
Next the effect of TPAI concentration on the stripping responses of Pb(II) and Cd(II) 
was investigated by varying the concentration between 0 and 0.20 mol L-1. The results 
shown in Fig. 2 indicate that the peak current of Cd(II) reached a maximum at 0.10 mol L-1 
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TPAI whereas that of Pb(II) increased gradually with increasing concentrations of TPAI up 
to 0.20 mol L-1.  
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Fig. 2.2 Effect of TPAI concentration on DPASV peak-currents  
 
Test solution: BMIMPF6 phases containing different concentrations of TPAI after the 
extraction equilibrium with the aqueous phase containing 1.0 μg mL-1 Pb(II), 1.0 μg mL-1 
Cd(II) and 5.0 μg mL-1 Bi (III); the other conditions were the same as for Fig.1.  
 
The decrease of Cd(II) response in concentrations of TPAI higher than 0.10 mol L-1  is 
likely due to the formation of CdI64- followed by lower extraction of cadmium into the 
BMIMPF6 phase. A TPAI concentration of 0.20 mol L-1 was chosen here. 
The effect of deposition potential on the anodic responses of Pb(II) and Cd(II) was 
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also investigated by varying the potential between –700 and –1300 mV. From the results 
shown in Fig. 2.3, it can be seen that the responses of Pb(II) and Cd(II) reached maxima at 
–1100 mV. At  
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Fig. 2.3 Effect of deposition potential on DPASV peak-currents  
 
Test solution: 0.2 mol L-1 TPAI solution in BMIMPF6 after extraction equilibrium with the 
mixed solution containing 1.0 μg mL-1 Pb(II), 1.0 μg mL-1 Cd(II) and 5.0 μg mL-1 Bi (III); 
the other conditions were the same as for Fig.1. 
 
potentials more negative than –1200 mV, the responses were decreased slightly due to 
hydrogen evolution on the electrode surface. The potential of –1100 mV was therefore 
selected as the optimum deposition potential for the determination of Pb(II) and Cd(II). As 
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expected in earlier studies, the anodic responses of Pb(II) and Cd(II) were found to increase 
linearly when the deposition time increased over the range 0 to 600 s. A deposition time of 
180 s was used for further experiments because of a shorter analytical time and better 
reproducibility. 
The effect of Bi (III) concentration on the anodic responses of 1.0 μg mL-1 Pb(II) and 
Cd(II) was investigated over the concentration range of 0 to 6.0 μg mL-1. As shown in Fig. 4, 
the peak currents were observed to increase gradually as the Bi (III) concentration increased. 
Higher Bi(III) concentrations between 5.0 and 6.0 μg mL-1 were found to make the anodic 
responses approximately constants. We also found that the Bi(III) concentration should be 
lowered to enhance the sensitivity of DPASV determination with an in-situ bismuth-film 
electrode. This is because the formation of thick layer of bismuth on the electrode surface 
restricts the anodic dissolution of target metal ions for analysis. In this study, 5.0 μg mL-1 Bi 
(III) was added to test solutions. 
The effect of scan rate on the anodic responses was investigated in the range of 20 to 
200 mV s-1. An anodic scan rate of 100 mV s-1 was used because the highest peak currents 
were found to obtain for Pb(II) and Cd(II). Outside the scan rate, the peak currents 
significantly decreased.  
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Fig. 2.4 Effect of Bi (III) concentration on DPASV peak-currents  
 
Test solution: 0.2 mol L-1 TPAI solution in BMIMPF6 after extraction equilibrium with 1.0 
μg mL-1 Pb(II) and 1.0 μg mL-1 Cd(II) at different concentrations of Bi (III); the other 
conditions were the same as for Fig.1.  
 
2.3.5 Calibration curves and detection limits 
 
At the optimized parameters, linear calibration curves for the DPASV determination of 
Pb(II) and Cd(II) were constructed over the concentration range of 0.01 ~ 0.5 and 0.05 ~ 
1.0 μg mL-1, respectively (Fig. 5). At Pb(II) concentrations higher than 0.50 μg mL-1, the 
curve gradually deviated from the linear relationship.The linear regression analysis 
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indicated that these curves were expressed by ip (μA) = 0.7 + 31.4[Pb (μg mL-1)] and ip 
(μA) = -0.3 + 8.88[Cd(μg mL-1)] with correlation coefficients of higher than 0.995. The 
intercepts are derived from the different slopes of the calibration curves obtained at lower 
metal concentrations. The relative standard deviations (n = 10) at 0.20 μg mL-1 Pb(II) and 
Cd(II) were 3.2 and 5.1%, respectively. The detection limits (S/N = 3) were estimated to be 
0.005 and 0.03 μg mL-1 for Pb(II) and Cd(II), respectively. A detection limit of 0.001 μg 
mL-1 Pb(II) was obtained under the following experimental conditions: 0.2 mol L-1 TPAI; 
0.5 mol L-1 potassium nitrate; a volume ratio (Vaq/VBMIMPF6) of 5.0; and 300 s deposition 
time. In the determination of Pb(II), the sensitivity of the proposed method is comparable 
to that obtained with in-situ bismuth-film electrode in aqueous media. The improved 
sensitivity and selectivity in DPASV are expected by the combination of solvent extraction 
using BMIMPF6. The proposed method would provide one of the promising tools for some 
purposes of analytical application, e.g. analyses of industrial and environmental materials.  
 
2.3.6 Interference 
 
The effect of foreign ions on the DPASV determination of 0.2 μg mL-1 Pb(II) was 
investigated at a range of concentrations. The presence of Al(III), Ca(II), Mg(II), and Ni(II) 
up to 25.0 μg mL-1 was tolerable within ±10% error. There was no interference from Zn(II), 
Co(II), Sb(III), Co(II), W(VI), Mo(VI), V(V) at 10-fold amounts excess over Pb(II), and 
from Fe(III) at a 20-fold amount. No interference was also observed for Na(I), H2PO4-, 
NH4+ at 100-fold amounts, and for NO3- and SO42- at 1000-fold amounts The presence of 
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most organic surface-active compounds at high concentration should be avoided for real 
sample analysis.  
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Fig. 2.5 Calibration curves for the DPASV determination of Pb(II) and Cd(II) 
 
Aqueous phase: 2.0 mL of the mixed solution containing 0.1 mol L-1 acetate buffer (pH 4.5), 
0.5 mol L-1 potassium nitrate and 5.0 μg mL-1 Bi(III); organic phase: 1.0 mL of 0.2 mol L-1 
TPAI solution in BMIMPF6; the other conditions were the same as for Fig.1. 
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Chapter 3 
 
Determination of Lead(II) by Constant Current 
Stripping Chronopotentiometry after Extraction of 
the Bromide Complex into Propylene Carbonate 
 
 
Abstract 
A selective and simple method is presented for the determination of Pb(II) by constant 
current stripping chronopotentiometric analysis (CCSCP). This method is based on the 
extraction of the bromide complex into propylene carbonate, followed by CCSCP 
measurements in the organic phase. CCSCP studies revealed that Pb(II) gave a 
characteristic response at about -0.52 V vs. Ag/AgCl on the stripping chronopotentiogram 
(dt/dE curve) after recording a potential vs. time curve at 3.0 μA. The peak height of Pb(II) 
response was directly proportional to the initial metal concentration of the aqueous phase in 
the ranges of 1.0−22.0 g dm-3 (correlation coefficient 0.9977) when the optimized 
parameters were used. A detection limit (S/N=3) of 0.088 g dm-3 Pb(II) was obtained at 
180 s deposition time. The relative standard deviation was 3.2% on replicate runs (n=12) 
for the determination of 10.0 g dm-3 Pb(II). Analytical results of standard reference 
materials demonstrate that the proposed method is applicable to determination of Pb(II) in 
soil and water samples. 
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3.1 Introduction 
 
Stripping voltammetric analysis has been recognized as a very sensitive and useful 
technique for electrochemical determination of trace amounts of metal ions and 
biologically important constituents in environmental and biological samples [1,2]. 
Conventionally mercury–based electrodes such as the film and hanging drop electrodes 
have been used as working electrodes, giving excellent reproducibility for anodic and 
cathodic responses for copper, lead, cadmium and zinc [3-7]. Being highly toxic for living 
organisms, more recently, mercury electrodes have been replaced rapidly by bismuth [8-11], 
antimony [12], lead [13] and selenium [14] modified electrodes on graphite carbon 
substrate that forms metallic alloys “fused alloys” with target metal ions in aqueous media. 
Analytical applications have been reported for the determination of Pb, Cd, Zn, Tl, Sn, As, 
Se by anodic stripping voltammetry and Ni, Co, U [15-21] by adsorptive stripping 
voltammetry. In addition to aqueous stripping voltammetry, non-aqueous solvents (organic 
solvents) have been verified to resolve difficulties in selectivity that are often caused in 
aqueous media, because species of interest can be separated form the other coexisting ones 
by performing liquid-liquid extractions with a range of organic solvents. We previously 
developed several anodic stripping voltammetric analysis for the determination of Pb(II), 
Cd(II) and Sb(III) by combination with liquid-liquid extraction using acetonitrile or 
1-butyl-3-methylimidazolium hexafluorophosphate [22-24].  
   Delahay and Mamantov firstly introduced “chronopotentiometry” as an 
electroanalytical technique in which the potential-time behavior of a working electrode is 
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recorded in an unsitirred solution during a constant-current electrolysis [25]. Later, Jagner 
and Granelli developed potentiometric stripping analysis as a sensitive and reproducible 
method for determination of trace amounts of metal ion in aqueous media which were 
electrochemically deposited onto mercury electrodes and were reoxidized by suitable 
oxidants such as dissolved oxygen and a mercury salt [26]. Review papers on the stripping 
potentiometric analysis of metal determinations have been published until now [27,28]. 
Mercury-based electrodes could be replaced by the other metal-film electrodes such as Bi 
[29] and Sb [30] as well as gold [31] or graphite carbon substrate[32]. Wang and Tian have 
interestingly demonstrated that constant current chronopotentiometry (CCSCP) can be 
feasible in highly resistive organic solvents (acetonitrile and dichloromethane) containing 
tetra-n-hexylammonium perchlorate as an electrolyte on a glassy carbon working electrode 
[33].  
In the present research, propylene carbonate (PC) is proposed as a non-aqueous 
solvent for use of CCSCP for the determination of Pb(II) originally existing in aqueous 
media. The results indicate that Pb(II) can be extracted together with Bi(III) as the bromide 
complexes into the PC phase and can then be determined by direct CCSCP measurements. 
An in-situ bismuth-film electrode is formed at the first step by keeping the potential of a 
graphite carbon substrate at –0.80 vs. Ag/AgCl for a set of deposition time. The lead 
deposited on the bismuth-film electrode is then oxidized by CCSCP to give a reciprocal 
derivative chronopotentiogram against potentials and the peak heights are directly 
proportional to the initial concentration of Pb(II) in the aqueous phase. The aim of this 
study is to investigate as to whether the proposed CCSCP method is feasible in the PC 
26 
phase and is applicable to the determination of Pb(II) in some real samples to ensure the 
validation of analysis. Here, we describe that the lead(II) bromide complex is extracted via 
formation of micro-emulsion of the two immiscible liquids by nitrogen purge, allowing 
CCSCP determination of Pb(II) at μg dm-3 concentration levels. 
 
3.2 Experimental 
 
3.2.1. Apparatus 
 
Stripping potentiometric measurements were performed using a Hokuto Denko Model 
HAB-151 potentiostat/galvanostat voltammetric analyzer (Hokuto Denko, Tokyo Japan), 
equipped with a Runtime Instrument Model PRO-Diff data software (Runtime Instrument, 
Kanagawa, Japan). After keeping the working electrode at constant potentials for 
deposition, a time interval of 50 msec was set and a potential-time curve was recorded at 
the stripping step. Extraction and electrochemical measurements were performed in a 
one-compartment glass cell (10-cm3) at 20 ±0.2 ℃. A plastic formed carbon (PFC) 
graphite disk (3.0 mm diameter) from BAS (BAS Japan, Tokyo, Japan) was used as a 
working electrode substrate. A platinum wire counter electrode and a Ag/AgCl (sat. KCl) 
reference electrode were used throughout this study. 
 
3.2.2. Reagents and solutions 
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All solutions were prepared with deionized and distilled water. Propylene carbonate and the 
other reagents used in this study were from Wako Pure Chemical Industries Co Ltd. (Tokyo, 
Japan). The Pb(II) solution was prepared by diluting the 1000 μg cm-3 metal ion standards 
(for atomic absorption spectrometry) with 0.01 mol dm-3 hydrochloric acid. The stock 
Bi(III) solution was prepared by dissolving Bi(NO3)2 in 0.5 mol dm-3 nitric acid. The 
foreign metal ion solutions were prepared by diluting their metal ion standards (1000 μg 
cm-3) with 0.1 mol dm-3 hydrochloric acid. All stock solutions were stored in a refrigerator 
at 2℃.  
 
3.2.3. Preparation of the working electrode 
 
Prior to electrochemical measurements, the PFC graphite electrode was cleaned daily by 
polishing with aluminum oxide slurry and next with a piece of Nuclepore filter paper. The 
treated electrode was then immersed in 1.0 mol dm-3 hydrochloric acid for 60 s, and rinsed 
with water. The working electrode was cleaned and reactivated at once by keeping the 
potential at about 0.80 V for 30 s. 
  
3.2.4. Procedure for CCSCP determination of lead(II)  
 
The standard procedure for the determination of Pb(II) by the proposed method was set as 
follows: an aliquot (less than 1.0 cm-3) of standard Pb(II) solution was placed into a 
10.0-cm-3 electrolytic glass cell. An aliquot of Bi(III) standard solution (100 μg cm-3), 1.0 
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mol dm-3 hydrochloric acid and 2.0 mol dm-3 potassium bromide solution were successively 
added to the sample solution. The total volume was finally made up to 2.0 cm-3 with water. 
The equilibrium concentrations except for the metal ion were adjusted to 1.0 mg dm-3 Bi 
(III), 0.01 mol dm-3 hydrochloric acid and 0.5 mol dm-3 potassium bromide solution. Two 
cm-3 of 0.30 mol dm-3 tetra-n-butylammonium bromide (abbreviated as TBABr) solution in 
PC was added, and nitrogen was then purged into the two liquid phases for 180 s in order to 
extract the metal bromide complexes into the organic phase. The extracted Pb(II) and 
Bi(III) complexes were initially reduced and deposited on a PFC graphite substrate at a 
potential of –0.80 V for 180 s in a stirred PC phase. After 10 s rest period, the deposited 
metals were stripped at a constant current of 3.0 µA, and the potential (E) and time (t) data 
were digitally derived. Using an office excel soft ware, E was plotted versus dt/dE to draw 
a reciprocal chronopotential derivative curve. The peak heights were obtained by 
subtracting the base line from the maximum point.  
 
3.3 Results and Discussion 
 
3.3.1 Electrochemical and extraction behavior of lead(II) bromide complex in PC 
phase  
 
The chronopotentiometric behavior of lead(II) bromide complex extracted into the PC 
phase was studied by CCSCP method. Figure 3.1(A) shows the typical E-t curves 
recorded with a PFC graphite substrate when the deposited Pb was stripped over the time 
29 
interval between 0 and 40 sec and at 3.0 µA applied current. The transient times (τ) 
marked in the chronopotentiogram is the measure of time elapsed between the imposition 
of constant current and the time at which the concentration of electroactive species 
reaches to zero at the electrode. The product of iτ1/2, given by Sand equation, is directly 
proportional to the initial concentration of electroactive species; τ0 and τ1 shown in 
Fig.3.1(A) curve 4 are transient times of Pb(II) and Bi(III) complexes extracted into the 
PC phase. The iτ values were constants confirming a diffusion-controlled nature. Figure 
3.1(B) shows the corresponding CCSCP curves obtained by derivative treatment of E-t 
curves. A well-defined peak of Pb(II) was observed at –0.52 V vs. Ag/AgCl when 1.0 mg 
dm-3 Bi(III) was added, as shown in Fig. 3.1(B) curve 4. The peak height of Pb(II) was 
directly proportional to the initial concentration of the metal ion in the aqueous phase at 
μg dm-3 levels. It can be seen from Fig. 3.1(B) that Pb(II) gave a distorted peak without 
Bi(III) and a very high peak at –0.15 V due to Bi(III) was observed.  
  Several organic solvents were tested for direct CCSCP measurements after the 
extraction of Pb(II) bromide complex. Our previous studies revealed that the metal 
bromide complex could easily be extracted as its ion-association compound with 
hydrophobic quarternary ammonium cations into relatively polar organic solvents such as 
chloroform, dichlomethane, propylene carbonate and salted-out acetonitrile. In this study, 
the ion-pair extraction can be performed with PC, followed by direct CCSCP 
measurements and determination of Pb(II). Tetra-n-alkylammonium (from C4 to C6) 
bromide salts were found to play as roles of both extractants of the metal bromide 
complexes and supporting electrolytes. TBABr gave the highest peak height of Pb(II) 
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when the standard procedures were conducted. 
 
Fig. 3.1 Transient chronopotentiogram (A) and its chronopotential derivative curves 
(B) for Pb(II). 
Test solution, (A) and (B) (1) 0.3 mol L-1 TBABr + 0.01 mol L-1 HCl + 0.5 mol L-1 KBr; (2) 
(1) + 20.0 g L-1 Pb(II); (3) (1) + 1.0 mg L-1 Bi(III); (4) (3) + 20.0 g L-1 Pb(II); deposition 
potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s.  
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 3.3.2 Optimization of experimental parameters for CCSCP determination of lead(II) 
 
In order to optimize the experimental conditions for the determination of Pb(II) by CCSCP, 
we investigated the effect of several parameters such as nitrogen purging time for 
extraction, hydrochloric acid concentration, Bi(III) concentration, TBABr concentration, 
deposition potential and time, and stripping current on the peak height of Pb(II). The effect 
of nitrogen purging time between 30 and 600 s on the stripping peak height of Pb(II) was 
first investigated under the same conditions as those for Fig. 3.1. The peak height was 
observed to gradually increase up to 90 s and then to remain constant between 90 and 600 s. 
A purging time of 180 s was chosen as the most optimum enough to extract Pb(II) bromide 
complex into the PC phase.  
Figure 3.2 shows the relationship between the peak height of Pb(II) and hydrochloric acid 
concentration of test solution. The peak height reached to maximum at the acid 
concentration of 0.01 mol dm-3, and outside the concentration it decreased gradually. A 
hydrochloric acid concentration of 0.01 mol dm-3 was therefore chosen as the most suitable 
for the determination of Pb(II) by CCSCP. 
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Fig.3.2 Effect of HCl concentration on peak height of Pb(II) obtained from 
chronopotential derivative curves. 
Test solution, 1.0 mg dm-3 Bi(III) + 0.3 mol dm-3 TBABr + 0.5 mol dm-3 KBr + 10.0 g 
dm-3 Pb(II); deposition potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
 
The effect of Bi(III) concentration on the peak height of Pb(II) at 10 μg dm-3 was 
investigated over the concentration range of 0 to 4.0 μg dm-3. As shown in Fig. 3.3, the 
peak height was observed to increase gradually as the Bi(III) concentration increased up to 
0.5 μg dm-3. The addition of Bi(III) at higher concentrations between 1.5 and 4.0 μg dm-3 
was found to make the peak height decrease greatly. We also observed that increased 
amounts of Bi co-deposited with Pb were often lowered the sensitivity and reproducibility 
of CCSCP determination of Pb(II) using an in-situ bismuth-film electrode. This is because 
the formation of a thick layer of bismuth on the electrode surface restricts the anodic 
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dissolution of target metal ion. In this study, 1.0 μg dm-3 Bi(III) was added to test solutions. 
0 1 2 3 4
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
 
 
Pe
ak
 h
ei
gh
t/s
 V
 -1
Bi(III) concentration/mg dm-3
 
Fig. 3.3 Effect of Bi(III) concentration on peak height of Pb(II). 
Test solution, 0.3 mol dm-3 TBABr + 0.01 mol dm-3 HCl + 0.5 mol dm-3 KBr + 10.0 g 
dm-3 Pb(II); deposition potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
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Fig. 3.4 Effect of TBABr concentration on peak height of Pb(II). 
Test solution, 1.0 mg dm-3 Bi(III) + 0.01 mol dm-3 HCl + 0.5 mol dm-3 KBr + 10.0 g dm-3 
Pb(II); deposition potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
 
Next the effect of TBABr concentration on the peak height of Pb(II) was investigated 
by varying the concentration between 0 and 0.70 mol dm-3. The results shown in Fig. 3.4 
indicate that the peak height increased gradually with increased concentrations of TBABr 
up to 0.20 mol dm-3 and reached to maximum at 0.30 mol dm-3 TBABr. The decrease of 
Pb(II) peak height at concentrations of TBABr higher than 0.30 mol dm-3 is likely due to 
the formation of PbBr64-, which lowers the extractability of Pb(II) into the PC phase. A 
TBABr concentration of 0.30 mol dm-3 was chosen in the present study. 
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 Fig. 3.5(A) Effect of deposition potential and deposition time on peak height of 
Pb(II). 
Test solution, 1.0 mg dm-3 Bi(III) +0.3 mol dm-3 TBABr + 0.01 mol dm-3 HCl + 0.5 mol 
dm-3 KBr + 10.0 g dm-3 Pb(II); stripping current, 3.0 A; deposition time, 180 s. 
 
The effect of deposition potential on the peak height of Pb(II) was also investigated by 
varying the potential between 0.0 and –1.25 V. From the results shown in Fig. 3.5 (A), it 
can be seen that the peak height increased gradually at potentials up to –1.00 V under 
which potentials it gradually decreased due to hydrogen evolution on the electrode surface. 
In order to minimize the influence of hydrogen evolution, a deposition potential of –0.80 V 
was selected as the most  
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 Fig. 3.5(B) Effect of deposition potential and deposition time on peak height of 
tion, 1.0 mg dm-3 Bi(III) +0.3 mol dm-3 TBABr + 0.01 mol dm-3 HCl + 0.5 mol 
 
optimum for the determination of Pb(II). As expected from earlier studies, furthermore, the 
peak height of Pb(II) was found to increase linearly as the deposition time increased over 
the range 0 to 420 s, as shown in Fig. 3.5 (B). A deposition time of 180 s was used for 
further experiments because of a shorter analytical time and better reproducibility. 
The effect of stripping current on peak height of Pb(II) was investigated in the range 
of 0.05 to 10.0 μA. The peak height decreased gradually with increased stripping currents, 
Pb(II). 
Test solu
dm-3 KBr + 10.0 g dm-3 Pb(II); deposition potential, -0.80 V; stripping current, 3.0 A. 
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as shown in Fig. 3.6. On the other hand, decreased stripping currents lead to lowering the 
reproducibility of the peak height. A stripping current of 3.0 μA was chosen as a result of 
compromise between peak height and reproducibility of Pb(II) determination. 
0 2 4 6 8 10
0
2
4
6
8
10
 
 
Pe
ak
 h
ei
gh
t/s
 V
 -1
Stripping current/
 
ig. 3.6 Effect of stripping current on peak height of Pb(II). 
-3 -3 1 mol dm-3 HCl + 0.5 mol 
-3 -3 
 
F
Test solution, 1.0 mg dm  Bi(III) + 0.3 mol dm  TBABr + 0.0
dm  KBr + 10.0 g dm Pb(II); deposition potential, -0.80 V; deposition time, 180 s. 
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Fig. 3.7 Calibration curve for Pb(II) determination by CCSCP. 
Test solution, 1.0 mg L-1 Bi(III) +0.3 mol L-1 TBABr + 0.01 mol L-1 HCl + 0.5 mol L-1 KBr; deposition 
potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
 
3.3.3 Calibration curve and detection limit 
 
At the optimized parameters, the calibration curve for the CCSCP determination of Pb(II) 
was constructed over the concentration range of 1.0−22 μg dm-3.as shown in Fig. 3.7. The 
linear regression analysis indicated that the calibration curve was expressed by ip (μA) = 
0.017 + 0.398[Pb (μg dm-3)] with a correlation coefficient higher than 0.9977. The relative 
standard deviation (n = 12) at 10.0 μg dm-3 Pb(II) was 3.2%. The detection limit (S/N = 3) 
was estimated to be 0.088 μg dm-3 Pb(II) under the following experimental conditions: 0.3 
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mol dm-3 TBABr, 0.5 mol dm-3 sodium bromide solution and 180 s deposition time. In the 
determination of Pb(II), the sensitivity of the proposed method is comparable to those 
obtained with in-situ bismuth-film electrode [8-10]. The improved sensitivity and 
selectivity can be expected by combining CCSCP with solvent extraction using PC. The 
proposed method would provide a promising tool for some purposes of analytical 
application, e.g. analyses of industrial effluents and environmental samples.  
 
3.3.4 Interference 
 
The effect of coexisting foreign ions on the CCSCP determination of 10.0 μg dm-3 Pb(II) 
was investigated over a range of concentrations, as listed in Table 3.1.. The presence of 
In(III), Se(IV) and Te(IV) interfered with Pb(II) determination but were tolerable up to 20.0 
μg dm-3 within ±10% error. There was no interference from Sn(II) and Sb(III) at 50-folds, 
Cu(II) and As(III) at 100-folds, and Fe(III), W(VI), and Mo(VI) at 200-fold amounts excess 
over Pb(II), respectively. The presence of Co(II), V(V) and Ni(II) was tolerable at 
1000-folds, and Zn(II), Cd(II) Mg(II), Al(III), Mn(II) at 5000-fold amounts excess over 
Pb(II), respectively. Such anions as H2PO4-, NH4+ NO3- and SO42- showed no interference at 
10000-fold amounts. Compared to conventional DPASV, obviously, the proposed CCSCP 
method offers enhanced selectivity for Pb(II) determination. The presence of most organic 
surface-active compounds at high concentrations, however, should be avoided for real 
sample analysis.  
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Table 3.1 Interferences of foreign ions by CCSCP 
Foreign inorganic ions Tolerance level (/g dm-3)a, b 
In(III), Se(IV), Te(IV) 20 
Sn(II), Sb(III) 500 
Cu(II), As(III) 1000 
Fe(III), Mo(VI), W(VI) 2000 
Co(II), V(V), Ni(II) 1104 
Zn(II), Cd(II) 5104 
Al(III), Mn(II) 1105 
S2O32- 1103 
a: 10.0 g L-1 Pb(II) taken. 
b: Within 10% error. 
 
3.3.5 Analytical application 
      
In order to assess the validity of the proposed CCSCP method, synthetic samples (Model 
1-3) and the three reference materials (river water and brown-soils from the Japan Society 
for Analytical Chemistry) were analyzed by using standard addition method. The 
procedures for sample pretreatment were carried out according to those described in the 
experimental section. In the analysis of Mode1 samples 1-3, the analytical results showed 
good recovery with 99-107 for different spiked amounts of Pb(II). Figure 3.8 (A) and (B) 
show CCSCP curves obtained by successive addition of standard Pb(II) solution to diluted 
sample solutions of the river water and the brown soil samples. Table 3.2 summarizes the 
analytical results for all samples on four replicate analyses, indicating that excellent 
agreement between analytical and certified values was obtained with the three standard 
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reference materials. Good accuracy and reliability shown in this study ensured that this 
proposed CCSCP method was extremely feasible and useful for analysis of environmental 
samples that contained a variety of coexisting ions in excess over Pb(II). The presented 
results encourage us to broaden analytical utilities by such a stripping chronopotentiometric 
technique.  
    (A) 
 
 
 
Fig. 3.8(A) CCSCP curves for determination of Pb(II) in river water. 
(1) blank (0.3 mol dm-3 TBABr + 0.01 mol dm-3 HCl + 0.5 mol dm-3 KBr); (2) (1) + 1.0 mg 
dm-3 Bi(III); (3) (2) + river water; (4-6) (3) + successive addition of 10.0 g dm-3 Pb(II); 
deposition potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
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(B) 
 
Fig. 3.8(B) CCSCP curves for determination of Pb(II) in brown soil sample-0402. 
(1) blank (0.3 mol dm-3 TBABr + 0.01 mol dm-3 HCl + 0.5 mol dm-3 KBr); (2) (1) + 1.0 mg 
dm-3 Bi(III); (3) (2) + brown soil sample-0402; (4-6) (3) + successive addition of 10.0 g 
dm-3 Pb(II); deposition potential, -0.80 V; stripping current, 3.0 A; deposition time, 180 s. 
 
Table 3.2 Analytical results of Pb(II) determination in synthetic and real water samples 
 
Samples 
Certified Pb(II) in samples 
/g dm-3 
Determined Pb(II) in 
samples /g dm-3 
Recovery 
/% 
Correlation 
coefficient /r2 
Model-1 2.0 a 1.992 99.6 0.9993 
Model-2 6.0 a 6.408 107 0.9929 
Model-3 10.0 a 9.813 98.1 0.9989 
River water 9.99  0.03 b 10.021 0.07 ---- 0.9970 
River water 5.0 a 15.1  0.2 ---- 0.9964 
Brown soil-0402 11.3  1.7 b 11.2  0.04 ---- 0.9991 
Brown soil-0403 11.2  0.6 b 11.1  0.2 ---- 0.9987 
a: Spiked amount of Pb(II). 
b: Determined by atomic absorption spectroscopy (AAS). 
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3.4 Conclusions 
 
Lead(II) can be extracted as the bromide complex into propylene carbonate, followed by 
deposition (preconcentration) and dissolution of the metal with a constant current 
electrolysis onto a plastic formed carbon graphite electrode. The results obtained on this 
studies demonstrated that the proposed CCSCP method enables determining traces of Pb(II) 
in the propylene carbonate phase. The present method offered a promising characteristic of 
good sensitivity and relatively free from coexisting ions in excess amounts by using the 
extraction technique. Thus, the Bi film electrode is expected to use as a “mercury-free” 
electrode for stripping chronopotentiometric analysis of metals in non-aqueous solvents.   
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Chaper 4 
 
Determination of copper (II) by anodic stripping 
voltammetry with in-situ plated selenium film 
electrode 
 
 
 
Abstract  
In this work, we describe a new and promising type of selenium film electrode for anodic 
stripping voltammetry. This method is based on formation of copper selenide onto an 
in-situ formed selenium-film carbon electrode, this followed by Osteryoung square-wave 
anodic stripping voltammetry. Copper(II) is also in-situ electroplated in a test solution 
containing 0.01 mol L-1 hydrochloric acid, 0.05 mol L-1 potassium chloride and 500 µg L-1 
Se(IV) at a deposition potential of −300 mV. Well-defined anodic peak current observed at 
about 200 mV is directly proportional to the Cu(II) concentration over the range of 
1.0─100 µg L-1 under the optimized conditions. The detection limit (3 sigma level) is 0.2 
µg L-1 Cu(II) at 180 s deposition time. Relatively less interferences are shown from most of 
metal ions except for antimony(III). The proposed method can be applied to sample 
analyses of river water and oyster tissue with good accuracy. 
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 4.1 Introduction 
 
Stripping voltammetry has been accepted to be one of the most sensitive and convenient 
electrochemical techniques for the determination of heavy metals in aqueous medium at 
trace concentration levels [1]. Conventionally, hanging mercury drop electrodes and 
mercury film electrodes [2] have been used as the working electrodes for stripping 
voltammetric analysis of metals. Due to high toxicity of mercury, much effort has recently 
been directed into developments of the so-called “mercury-free” electrodes, which include 
bismuth [3-6], antimony [7,8], lead [9] and tin [10] that have relatively wide potential 
windows at the negative region depending on the standard redox potentials. Among several 
kinds of electrode materials developed, the Bi- and Sb-film electrode have been getting 
more and more recognized as useful and feasible alternatives to the toxic mercury-based 
electrodes in the direct determination of metals such as Cd [3], Pb [3], Zn [3], In [11], Tl 
[11], Co [12], Ni [13], As [14] and Se [15] by anodic or cathodic stripping analysis. Several 
review articles describe the characteristics of the mercury-free electrodes, and their 
electroanalytical performances and a variety of applications [16-19]. However there is one 
drawback that the Bi- and Sb-film electrodes have relatively negative anodic limits (around 
−0.20 V vs. Ag/AgCl) restricted by dissolution of the metal electrodes. For example, a 
considerably large anodic peak due to bismuth dissolution appeared just before the Cu(II) 
signal [11] causes difficulties in the determination of Cu(II) by anodic stripping analysis 
even when gallium [20,21] or hydrogen peroxide [22] as a modifier of the deposited 
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species was added. In the positive potential ranges, the carbon-based electrodes [23,24] or 
gold-film electrodes [25] may be rather effective for the anodic stripping analysis of 
copper(II). 
In the past few decades, different kinds of semiconductors comprised of selenium have 
received a great deal of attention due to its particular photoelectrical properties and wide 
applications in electronic and optoelectronic devices such as the solar cell, super ionic 
conductors, optical filter, etc. In order to obtain an amorphous layer of semiconductor 
metal-selenide compound, the electrodeposition (electrosynthesis) and characterization 
have been studied on carbon or gold electrodes [26-29]. Metal selenides (MSe, where M is 
a divalent cation) are deposited on the working electrode according to the general reaction 
H2SeO3 + M2+ + 6e- + 4H+ → MSe + 3H2O by a mechanism involving Se2-, selenide, 
selenious (intermediates) to yield elemental selenium. Copper selenides can play a crucial 
role of the counterpart for the other metals to be deposited. With respect to electrochemistry 
of metal selenides, the cathodic stripping voltammetric determination of selenium(IV) has 
been reported using copper-film mercury and copper-modified mercury-film electrodes, 
based on the formation of copper selenide compounds [30-32]. 
When selenium(IV) was added to the solution to a larger content to form the film 
electrode , we must pay much attention to the metal toxicity and to the storage of the 
wastes from the view point of environmental protection. The average concentration of 
seawater, 0.09 mg L-1, is higher than that of mercury. US Environmental Protection Agency 
recommends to conserve a standard value of 0.01 mg L-1 in natural water.   
   In this article, we report on the polarization character of the in-situ prepared selenium 
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film electrode and its successful application for determining traces of Cu(II) in 0.01 mol L-1 
hydrochloric acid solution by Osteryoung square wave anodic stripping voltammetry 
(OSWASV). Herein, we demonstrate that an in-situ plated selenium-film electrode has been 
successfully prepared by electroplating technique, and Cu(II) can be determined by anodic 
stripping voltammetry following preconcentration technique. Regardless of its poor 
electronic conducting property, the new type of selenium-film electrode can be expected as 
another “mercury-free” electrode to expand the scope of analytical utilities and applications 
to trace metal determination in electrochemical stripping analysis.  
 
4.2 Experimental  
 
4.2.1 Reagents  
All chemicals used were of analytical reagent grade, and all solutions were prepared with 
deionized and distilled water. Stock solutions of Se(IV) and Cu(II) were individually 
prepared by diluting 1000 mg L-1 standards for atomic absorption spectrometry with 0.01 
mol L-1 hydrochloric acid. The other metal ion solutions were also prepared by diluting 
their standard solutions (1000 mg L-1) with 0.01 mol L-1 hydrochloric acid. All stock 
solutions were stored in a refrigerator at 2 °C. 
 
4.2.2 Apparatus 
A BAS Model CV-50W voltammetric analyzer (Bioanalytical system, USA) was employed 
for measurements of cyclic voltammetry (CV) and OSWASV. Unless otherwise stated, the 
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instrumental settings for OSWASV measurements were as follows: 4 mV step potential; 
25mV square wave amplitude; 15 Hz frequency; 10 s equilibrium time. A plastic formed 
carbon disk (PFC, 3 mm in diameter) as working electrode substrate was obtained from 
BAS (Bioanalytical system, Tokyo, Japan). A platinum wire counter electrode and an 
Ag/AgCl (sat. KCl) reference electrodes were also used. 
 
4.2.3 Experimental procedures 
The plastic formed carbon electrode surface was cleaned by polishing with aluminum oxide 
slurry and cleaned by distilled water and a piece of filter paper. The treated electrode was 
then immersed in 1.0 mol L-1 hydrochloric acid for 1 min, and rinsed with water. After each 
voltammetric measurements, the working electrode was cleaned and reactivated by 
applying the electrode at 800 mV for 60 s in 0.1 mol L-1 hydrochloric acid under stirring.  
The established procedures for the determination of Cu(II) by OSWASV were set as 
follows: an aliquot (2.0 mL) of sample solution was introduced into a 15-mL 
electrochemical cell. The reagent solutions were then added to the standard or sample 
solution, and the total volume was finally made up to 10.0 mL. The equilibrium 
concentrations of added reagents except Cu(II) were adjusted to 0.01 mol L-1 hydrochloride 
acid, 0.05 mol L-1 potassium chloride, and 500 µg L-1 Se(IV). Nitrogen was purged into the 
solution for 600 s, and then the Cu(II) was initially reduced at a potential of −300 mV for 
180 s under solution stirring. After the stirrer was switched off for 10 s equilibrium time, 
the electrode potential was scanned from −300 to 800 mV in the positive direction.  
The standard reference material of river water (SRM JSAC 0302-3 from the Japan 
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Society for Analytical Chemistry) was acidified by 0.01 mol L-1 hydrochloride acid. The 
NBS standard reference material (SRM 1566), oyster tissue (5.00 g), was heated with 
concentrated nitric acid and hydrochloride acid, and evaporated to almost dryness. The 
residue was diluted with water (100 mL) to get appropriate concentrations. The reference 
material samples were analyzed by standard addition and background subtraction method. 
 
4.3 Results and discussion  
 
4.3.1 Electrochemical behavior of copper on the selenium–film modified electrode 
 
The electrochemical behavior of copper on an in-situ Se-film modified electrode was 
investigated by cyclic voltammetry and Oysteryoung square wave voltammetry. In the 
absence of Cu(II) and Se(IV), no peak was observed on the CV curves shown in Fig. 4.1(1) 
as a blank test. Fig. 4.1(2) shows a very small response at about 200 mV in the presence of 
500 µg L-1 Se(IV) by scanning the potential to a positive direction after 180 s 
preconcentration at -300 mV. As can be seen in Fig. 4.1(3), with the addition of 10 µg L-1 
Cu(II), the anodic peak at about 200 mV was greatly enhanced. As the OSWASV 
voltammograms displayed in Fig. 4.2A(2), there was no copper anodic response observed 
at about 200 mV in the absence of Se(IV). After the addition of 500 µg L-1 Se(IV), the 
anodic signal of copper appeared. It evidently indicates that the co-deposition or 
co-existing Se on the carbon substrate improved the electroactivity of copper, and gave a 
contribution in the subsequent stripping behavior. 
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Fig. 4.1 Cyclic voltammograms. 
(1) 0.01 mol L-1 HCl + 0.05 mol L-1 KCl, (2) (1) + 500 µg L-1 Se(IV), (3) (2) + 10 µg L-1 
Cu(II). Deposition potential, -300 mV; deposition time, 180 s; scan rate (mV s-1), 100.  
 
For further investigation of feasibility of the anodic peak observed at 200 mV for 
copper analysis with Se-film modified working electrode, Oysteryoung square wave anodic 
stripping voltammetry (OSWASV) at varying concentrations of Cu(II) was employed, as 
depicted in Fig. 4.2B. The well-defined anodic stripping peaks at about 200 mV at        
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Fig. 4.2  OSWASV curves. 
(A) (1) 0.01 mol L-1 HCl + 0.05 mol L-1 KCl, (2) (1) + 10 µg L-1 Cu(II), (3) (2) + 500 µg 
L-1 Se(IV). Deposition potential, -300 mV; deposition time, 180 s.(B) (1) 0.01 mol L-1 HCl 
+ 0.05 mol L-1 KCl, (2) (1) + 500 µg L-1 Se(IV), (3) (2) + 1 µg L-1 Cu(II), (4) (2) + 2 µg L-1 
Cu(II), (5) (2) + 5 µg L-1 Cu(II). Deposition potential, -300 mV; deposition time, 180 s. 
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ppb-level of Cu(II) were found to be directly proportional to Cu(II) concentrations. This 
indicates that the proposed OSWASV method enables determination of traces of Cu(II) in 
real samples. 
 
4.3.2 Effect of hydrochloric acid and potassium chloride concentration 
 
The influence of hydrochloric acid and potassium chloride concentration upon the 
analytical signal was examined. The determination of copper is usually performed in acidic 
media. Fig. 4.3 illustrates the dependence of the Cu(II) anodic response on the hydrochloric 
acid concentration in solution. The peak current increased with increasing hydrochloride 
acid concentration up to 0.01 mol L-1, and then it decreased from 0.01 to 0.15 mol L-1.The 
anodic stripping peak shifted to positive and distorted as the HCl concentration increase. 
Taking into account the sensitivity of trace Cu(II) detection, the following studies were 
carried out at 0.01 mol L-1. The addition of potassium chloride showed an increased 
response in the range of 0-0.05 mol L-1, and then decreased form 0.05 to 0.3 mol L-1, as 
shown in Fig. 4.4. A KCl concentration of 0.05 mol L-1 was chosen as supporting 
electrolyte. 
54 
0.00 0.05 0.10 0.15
0
1
2
3
4
5
6
7
8
 
HCl concentration (mol L-1)
Pe
ak
 c
ur
re
nt
 (
A
)
 
 
Fig. 4.3 Effect of HCl concentration on OSWASV peak current. 
(A) 500 µg L-1 Se(IV) + 10 µg L-1 Cu(II). (B) 0.01 mol L-1 HCl + 500 µg L-1 Se(IV) + 10 
µg L-1 Cu(II). Deposition potential, -300 mV; deposition time, 180 s. 
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Fig. 4.4 Effect of KCl concentration on OSWASV peak current. 
0.01 mol L-1 HCl + 500 µg L-1 Se(IV) + 10 µg L-1 Cu(II). Deposition potential, -300 mV; 
deposition time, 180 s. 
 
4.3.3 Effect of Se(IV) concentration 
 
The effect of selenium concentration on the OSWASV peak current was observed. As 
shown in Fig. 4.5, the anodic signal of Cu(II) increased with increasing Se(IV) 
concentration up to 300 µg L-1. At higher concentrations, peak current almost remained 
constant. Probably, the co-deposition Se(IV) and the formation of Cu-Se improved the 
electro activity of copper on the working electrode resulting in the enhancement of anodic 
stripping response; the constant peak currents indicated a saturation coverage on the 
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electrode sites. All subsequent experiments were conducted using a Se(IV) concentration of 
500 µg L-1 in order to guarantee robustness for this experimental parameter. 
0 200 400 600 800 1000 1200
0
1
2
3
4
5
6
7
8
 
Se(IV) concentration (g L-1)
Pe
ak
 c
ur
re
nt
 (
A
)
 
Fig. 4.5 Effect of Se(IV) concentration on OSWASV peak current. 
0.01 mol L-1 HCl + 0.05 mol L-1 KCl + 500 µg L-1 Se(IV) + 10 µg L-1 Cu(II). Deposition potential, -300 
mV; deposition time, 180 s. 
 
4.3.4 Effect of deposition potential and time 
 
The effect of deposition potential on anodic peak current was investigated over the 
potential range of -50 to -600 mV vs. Ag/AgCl. Variation of the deposition potential 
showed (Fig. 4.6) that the peak height of copper increased with changing potential from -50 
to -200 mV, and then leveled off in the range of -200 to -500 mV. At potentials lower than 
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-500 mV, the copper peak current decreased. The effect of deposition time on peak current 
was also observed in the range of 60-360 s. The results shown in Fig.4.7 indicate that 
increase of the peak current increased linearly as the deposition time increased. The results 
demonstrate that more copper can co-deposited with selenium onto the working electrode 
with a longer deposition time, and give a higher anodic stripping signal. This is very 
helpful for the trace copper determination. In this study, a deposition potential of -300 mV 
and a deposition time of 180 s were chosen. 
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Fig. 4.6  Effect of deposition potential on OSWASV peak current. 
0.01 mol L-1 HCl + 0.05 mol L-1 KCl + 500 µg L-1 Se(IV) + 10 µg L-1 Cu(II). (A) deposition time, 180 s.  
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Fig. 4.7  Effect of deposition time on OSWASV peak current. 
0.01 mol L-1 HCl + 0.05 mol L-1 KCl + 500 µg L-1 Se(IV) + 10 µg L-1 Cu(II). deposition potential, -300 
mV.  
 
4.3.5 Calibration curve and detection limit 
 
The calibration curve for the determination of Cu(II) by the proposed OSWASV method 
was constructed under the optimized experimental conditions. As shown in Fig. 4.8, the 
linear relationship between the anodic peak current and Cu(II) concentration was obtained 
over the concentration range from 1.0 to 100 µg L-1. The calibration equation was Ip = 
0.3731C + 1.2736 (r2 = 0.9936, Ip = peak current in µA; C = Cu(II) concentration in µg L-1). 
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The detection limit calculated as 3σ from a calibration point at 1 µg L-1 of Cu(II)  was 9.5 
ng L-1 for a deposition time of 180 s. The copper response at the selenium film electrode is 
remarkably reproducible. A series of 8 repetitive measurements of 10 µg L-1 of Cu(II) 
yielded a relative standard deviation of 2.3%. 
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Fig. 4.8 Calibration curve for Cu(II) determination. 
0.01 mol L-1 HCl + 0.05 mol L-1 KCl + 500 µg L-1 Se(IV). Deposition potential, -300 mV; 
deposition time, 180 s. 
 
4.3.6 Interference  
 
The effect of foreign ions on the OSWASV determination of 10 µg L-1 Cu(II) by the 
proposal method was investigated at a range of concentrations, as shown in Table 5-1. The 
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tolerance levels were 20 µg L-1 for Sb(III), and 50 µg L-1 for Hg(II), Pb(II), Sn(II) and 
Mo(VI), respectively. There was no interference from Bi(II) and Cd(II) at 10-fold amounts 
excess over copper, and from As(III) at 30-fold. No interference was also observed for 
Na(I), Mg(II), Al(III), Ca(II), Zn(II), Fe(III), Co(II), Ni(II), Mn(II),  V(V), and W(VI) at 
1000 µg L-1. Such anions as NO3-, SO42-, and H2PO4- had no effect at 2.0 mg L-1, and NH4+ 
at 1.0 mg L-1.  
 
Table 4.1 Interferences of foreign ions 
 
Foreign inorganic ions Tolerance (µg L-1)a, b 
Sb(III)c 20 
Hg(II), Pb(II), Sn(II), Mo(VI) 50 
Bi(III), Cd(II)c 100 
As(III) 300 
Zn(II), Fe(III), Co(II), Ni(II), Mn(II), V(V), 
W(VI) 
1×103 
 
NH4+ 1×103 
NO3-, SO42-, H2PO4- 2×103 
a 10 µg L-1 Cu(II) taken. 
b Within ±10% error. 
c Deposition potential, -200 mV. 
 
4.3.7 Sample analyses 
 
At established experimental parameters, the optimized OSWASV method was adapted 
for real sample analyses by standard addition and background subtraction method. River 
water (The Japan Society for Analytical Chemistry) and Oyster Tissue samples were 
analyzed on four replicate determination to evaluate the present method. The typical 
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OSWASV curves obtained for Cu(II) determination of Oyster Tissue are shown in Fig.4.9 
and Fig.4.10. The analytical results were consistent with the certified values (see Table 4.2). 
The proposed method could be used to determine traces of Cu(II) in natural samples with 
satisfactory results. 
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Fig. 4.9 OSWASV curves for Cu(II) determination of Oyster tissue. 
(1) 0.01 mol L-1 HCl + 0.05 mol L-1 KCl, (2) (1) + 500 µg L-1 Se(IV), (3) (2) + real sample, 
(4-6) (3) + successive addition of 3 µg L-1 Cu(II). Deposition potential, -300 mV; 
deposition time, 180 s. 
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Fig. 4.10  OSWASV curves for Cu(II) determination of river water. 
(1) 0.01 mol L-1 HCl + 0.05 mol L-1 KCl, (2) (1) + 500 µg L-1 Se(IV), (3) (2) + river water, 
(4-6) (3) + successive addition of 1 µg L-1 Cu(II). Deposition potential, -300 mV; 
deposition time, 180 s. 
 
Table 4.2 Analytical results of Cu(II) determination in real samples 
 
Samples Experimental results Reference values 
Recovery 
(%) 
Correlation coefficient 
(r2) 
Oyster tissue 64.8 ± 1.6 µg g-1 63.0±3.5 µg g-1 103 0.9999 
River water 9.9 ± 0.2 µg L-1 9.9 ± 0.1 µg L-1 100 0.9999 
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4.4 Summary 
 
Traces of Cu(II) can be determined by the proposed OSWCSV method using the 
co-deposition of Se(IV) and Cu(II) onto the plastic formed carbon electrode. This method is 
characterized by a good sensitivity along with a satisfying reproducibility and simplicity. 
The reference material (Oyster Tissue) and river water samples could be analyzed with 
good results.  
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